[1] During the Saharan Dust Experiment (SHADE) in September 2000, we collected filter samples on board the Met Office C-130 aircraft. The main study area was over the Atlantic Ocean between Sal Island and Senegal. Dust was encountered in the altitude range from 0.5-1 to 4-4.5 km. Sublayers with different particle size distributions and different source areas can be distinguished within the main dust plume. Diminution of O 3 in anticorrelation with the dust layer suggests removal of O 3 by dust particles. Dust loadings containing up to 54 mg m À3 Al (submicron plus supermicron fraction) were measured during particularly intense dust events. Mixing of dust with anthropogenic aerosols, mainly NH 4 HSO 4 , was observed in the fine fraction. It was associated with air masses that had originated over Europe and then traveled over North Africa. The ratio of nitrate to non-sea-salt sulfate was around 0.3. This argues against any significant influence of biomass burning emissions, which have much higher nitrate. However, we also encountered aged fossil fuel pollution plumes, likely from North America. The geochemical signature of mineral dust was consistent with previous results in the area. Si, Fe, and Ti were not enriched with respect to the soil composition, while other elements, such as Ca and S, were. Ca is prevalently present as calcite in African soils, but it is also found as calcium sulfate in the atmosphere.
Introduction
[2] Estimates of the global mean direct radiative forcing by mineral dust vary in the range +0.09 to À0.46 W m À2 [Haywood and Boucher, 2000] , owing to uncertainties in the chemical composition, size distribution, and source strength of dust particles [Sokolik et al., 2001] . Dust particles have diameters up to several microns and a nonzero imaginary part of the refractive index, thus they are able to scatter and absorb both the solar and terrestrial radiation, and modify the solar and the infrared radiative budget at the surface and top of the atmosphere [Sokolik et al., 2001] . Dust might also affect the cloud radiative and physical properties, and alter the hydrological cycle [Ramanathan et al., 2001; Rosenfeld et al., 2001] . Additional effects of mineral dust are the modification of the atmospheric gaseous composition through heterogeneous reactions [Dentener et al., 1996] , the impairment of visibility, which in the past has caused dramatic aircraft crashes [Ganor, 1994] , and the transport of nutrients to the sea surface water and the Amazon forest Swap et al., 1992] .
[3] With the possible exception of sea-salt, mineral dust is by far the most abundant aerosol species in the atmosphere; the estimated global atmospheric burden of mineral aerosols is in the range 14-41Tg (1 Tg = 10 12 g) [Intergovernmental Panel on Climate Change, 2001] distributed unevenly over large areas of the globe (see, as an example, the spaceborne images of the Total Ozone Mapping Spectrometer (TOMS) at http://toms.gsfc.nasa.gov/aerosols/aerosols.html). In particular, the Sahara/Sahel region is the world's largest dust source [Prospero et al., 2002] . On a seasonal scale, the emission areas and the latitude span of the transport toward the Atlantic Ocean are ruled by the oscillation of Intertropical Convergence Zone (ITCZ), which shifts northward (around 20°N) during the boreal summer, and southward ($at 10°N) during winter.
[4] In this paper, we report on the airborne observations of the North African dust aerosols we performed on board the UK Met Office C-130 aircraft as part of the Saharan Dust Experiment (SHADE, 21-28 September 2000) . At this time of year, mineral dust is transported within a defined layer (the Saharan air layer, SAL), that extends vertically between $1.5 and 5 km and lies in the corridor 10 -20°N [Karyampudi et al., 1999] . The aircraft was operated from Sal Island, Cape Verde, well within the outflow region of the SAL [Chiapello, 1996] . The timing of the observations was chosen so to minimize the possibility of mixing between dust and biomass burning. The Sahara desert is largely uninhabited north of 20°N. Anthropogenic activities, mainly biomass burning for clearing vegetation, are significant only in the dry season south of 15°N (http://shark1.esrin.esa.it/FIRE/AF/AVHRR/DATA/ AFRICA/1993/welcome.html).
[5] This paper discusses the chemical composition of dust aerosols in terms of their measured components, i.e., major water-soluble inorganic ions, carbonaceous (organic and elemental carbon) material, and several major, minor, and trace elements. In situ airborne physical and optical data (particle number concentrations and size distributions, and particle scattering coefficients) as well as satellite data are used in conjunction to look at the vertical structure and the spatial variability of dust aerosols within the SAL.
Method
[6] Instruments and samplers were operated on board the Meteorological Research Flight (MRF) Hercules C-130 of the UK Met Office. The aircraft has a maximum endurance of 12 h (with fuel tank reserves). The minimum operational flight altitude is 17 m over water and 35 m over land and the maximum operating altitude is $11,000 m.
Sampling 2.1.1. Aerosol Particle Chemical Composition
[7] The aerosol sampling system used on board the C-130 is described in detail in the work of Andreae et al. [2000] . The aerosol inlet consists of a thin-walled inlet nozzle with a curved leading edge; the design was based on criteria for aircraft engine intakes at low Mach numbers [Andreae et al., 1988] . This design reduces distortion of the pressure field at the nozzle tip and the resulting problems associated with flow separation and turbulence. The sampling system operated at flow rates that averaged 120 L min À1 (at ambient pressure and temperature); the flow was adjusted to maintain slightly subisokinetic sampling conditions. The aerosol intake system was designed so that rain and large cloud water droplets would be removed from the sampled air stream by inertial separation. A careful characterization of the intake system of the aircraft conducted during the second Aerosol Characterization Experiment (ACE-2), showed that the inlet passes about 35% of the sea-salt mode [Andreae et al., 2000] . This represents a serious limitation when sampling mineral dust, which has a prevailing supermicron mode. The quantification of the mass concentrations for particles larger than $1 mm diameter is regarded thus as a lower limit of the actual concentrations in the atmosphere.
[8] Aerosol particles were sampled by filtration onto two stacked-filter units (SFUs) mounted in parallel. Each SFU can hold a maximum of three filters on sequential 47-mm diameter polyethylene supports, but only two stages were used during SHADE. Samples were collected only during horizontal flight legs lasting not less than 20-30 min in order to guarantee sufficient loading of the filter samples. The first stage of each SFU consisted of a Nuclepore filter (nominal pore size 8.0 mm). The 50% cutoff diameter of the 8-mm Nuclepore filter is about 0.9-1 mm for particles with a density of 1.35 g cm À3 at a face velocity of about 70 cm s À1 [John et al., 1983] .
[9] One SFU was used for measuring water-soluble ions and major, minor, and trace elements. Here the second stage consisted of a PTFE Teflon filter (nominal pore size 1.0 mm). Blank samples were collected on every flight by placing filters in the sampling line as if they were actual samples, and exposing them to the air stream for a few seconds. Immediately after each flight, loaded and blank filters were stored in precleaned 30 mL HDPE bottles, and kept in a refrigerator until extraction.
[10] The second SFU was used for measuring carbonaceous aerosols. In this case the second stage consisted of two Pallflex quartz filters arranged in a tandem configuration. This should allow estimation of the positive artifacts in the particulate organic carbon determination due to adsorption of gaseous organic compounds by the filters [Novakov et al., 1997] . The assumption is that ''front'' quartz filter collects with 100% efficiency aerosol particles, while the ''back'' filter collects only gases that passed through, and that could otherwise positively contribute to the organic aerosol fraction. The limits of this assumption are discussed by Huebert and Charlson [2000] . All the quartz filters used during SHADE were prebaked at 800°C for approximately 12 hours to eliminate organic impurities. Samples and blanks (collected in the same way as with the previous SFU) were unloaded immediately after each flight and stored in a freezer in precleaned glass vials. 2.1.2. Aerosol Particle Total Number Concentration, Size Distribution, and Scattering Coefficient (Dry State)
[11] The total particle number concentration, CN, was measured by a condensation particle counter (CPC3025, TSI Inc., St. Paul, MN). The upper cutoff of the probe was $1 mm. The actual calibration showed that the CPC3025 counts particles of 5 nm diameter at 50% efficiency, increasing to 80-85% at sizes >10 nm, but lower than 50% at sizes <5 nm. This is slightly less efficient than the manufacturer's claim of 50% efficiency at the lower limit of 3 nm. The data reported in this paper have been corrected for the estimated counting efficiency. The absolute error on the aerosol number is calculated according to Poisson counting statistics as the square root of the measured counts, i.e., the relative accuracy increases as the number concentration increases.
[12] Aerosol particle size distributions were measured with a Passive Cavity Aerosol Spectrometer Probe (PCASP-100X, PMS Inc., Boulder, Colorado). The PCASP is a single particle counter. Its measurement principle is based on the fact that the light scattering by a particle depends on its size. In this way the PCASP classifies the particles into 15 size channels in the diameter range between 0.1 and 3 mm (nominal). However, light scattering also depends on the refractive index, the humidity state, and the shape of the aerosols [Collins et al., 2000] . In particular, neglecting aerosol absorption results in particle undersizing, particular in the upper-micron fraction [Collins et al., 2000] . For dust, the difference between the refractive index at which the PCASP was calibrated (ñ = 1.59 À 0.0i) and that of the mineral dust (ñ = 1.558 À 0.006i at 550 nm, according to Patterson et al. [1977] ) is minimal, and the error can be neglected and therefore the PCASP measurements presented in this paper have not been corrected for aerosol absorption. An a priori knowledge of the shape of the dust aerosols would be necessary to correct for differences in the scattering of spheres and nonspherical particles and so this is not accounted for here. Particle numbers in the submicron channels were summed to obtain N Acc , the total particle number between 0.11 and 1 mm diameter. Subtracting N Acc from CN concentrations yielded N Aitken the total particle concentration in the Aitken mode (0.005 -0.1 mm). During SHADE, the PCASP experienced some electronic problems that worsened as the campaign went on. The size bins 0.11 to 0.22 mm are considered unreliable during flight A798. Also, instrumental artifacts were observed above 4 km because of excessive cooling of the probe. Data were carefully examined to eliminate these occurrences.
[13] The particle volume scattering coefficient s s (dry state) at 450, 550, and 700 nm was measured using a threewavelength integrating nephelometer (TSI 3563, TSI Inc., St. Paul, Minnesota). The instrument was connected to a Rosemount-type inlet with 50% cutoff at $1 mm diameter. Data were corrected for angular truncation and Lambertian nonidealities according to Anderson and Ogren [1998] as described by Haywood and Osborne [2000] . The precision of the aerosol scattering coefficient measurements is estimated to be within 10%. In the following, the particle number concentrations, and the scattering coefficient are converted to standard temperature and pressure (STP) using T = 273 K and p = 1013.25 hPa.
Trace Gases
[14] CO measurements were made with a fast-response vacuum-UV resonance fluorescence instrument built for the C-130 at the Institut für Chemie und Dynamik der Geosphäre, Forschungszentrum Jülich, Germany. It has a 1 s time resolution, a detection limit of 3 ppb and a precision of ±1.5 ppb at an atmospheric mixing ratio of 100 ppb. Calibrations are carried out in-flight at least every half hour using a British Oxygen Company (BOC) alpha standard (see Gerbig et al. [1999] for more information).
[15] The ozone measurements were made with a TECO Model 49 UV Photometric Ambient O 3 Analyzer modified for aircraft use, with a sampling rate of 4 s, a precision of 2 ppb, and a detection limit of 2 ppb. Corrections for temperature and pressure are made postflight. Calibrations are made annually at the National Physical Laboratory, London.
Analysis 2.2.1. Water-Soluble Ions and Total Elemental Concentration
[16] Subsequent to transport back to Mainz, selected samples were cut in half and analyzed for water-soluble ions and total elemental concentration. As a check, the Nuclepore filters were weighed with a micro-analytical balance (sensitivity ± 1 mg) before and after being cut. The original weight was reproduced within 1% by the sum of the weight of the two halves.
[17] Water-soluble ions (Cl À , NO 3 À , SO 4 2À , NH 4 + , K + , Mg 2+ , Ca 2+ ) were determined using isocratic suppressed ion chromatography (IC) and conductivity detection. Na + showed extremely high and erratic values. The exact source of this contamination is at present unknown, and the data were rejected. For the separation of weak and strong acid anions, a combination of two columns of different capacity (AS9-HC and AS4A-SC; DIONEX, Sunnyvale, Ca) was used. For determination of the major cations, a CS14 column (DIONEX, Sunnyvale, Ca) was employed. Nuclepore filters were extracted in 5 mL of distilled water in 30 mL vials (50 mL of chloroform were added). Teflon filters were extracted with 1 mL of methanol and 4 mL of distilled water in 30 mL vials; no chloroform was added. In the following discussion, concentrations are expressed as molar mixing ratios in air (ppt = pmol mol À1 ) or as mass concentrations (mg m À3 ) at STP.
[18] The repeated analysis of water samples and standard solutions indicated accuracy within 4%, and reproducibility within 3%. Blank concentrations were within 0.6 mmol L
À1
($17 ppt at the average flow rate of SHADE), less than 30% of the measured concentrations of the major ions. The minimum detection limit (MDL), estimated as three times the standard deviation of the blank mixing ratios, was within 19 ppt in the fine fraction, and 21 ppt in the coarse.
[19] Major, minor and trace elements (from Na upward) in the aerosol were determined by particle induced X-ray emission (PIXE) and instrumental neutron activation analysis (INAA) ]. In the coarse fraction, a combination of both techniques yielded the elemental concentrations of Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Sr, I, and Pb. The Teflon filters (fine fraction) were only analyzed by INAA for Na, Mg, Al, Cl, Ca, Ti, Mn, and I.
Carbonaceous Aerosols
[20] Quartz filter punches of 1.5 cm 2 area were analyzed for EC a (apparent elemental carbon) and OC (organic carbon) using a commercial thermal-optical transmission (TOT) instrument (Sunset Laboratory Inc., Forest Grove, Oregon) at the Institute for Nuclear Sciences in Gent. EC a is an operationally defined parameter representing the optically absorbing, refractory carbonaceous aerosol. A significant fraction of the organic component is high-molecular-weight material with refractory properties similar to elemental carbon [Mayol-Bracero et al., 2002] , and this may complicate the differentiation between OC and EC a . Details on the TOT and on the uncertainties on the measurements of EC a and OC for the C-130 set up have been given by Formenti et al. [2003] , while a general discussion is given by Chow et al. [2001] , Schmid et al. [2001] , and Huebert and Charlson [2000] , amongst others.
[21] Unexposed precampaign and postcampaign blanks were pretreated and analyzed like the actual samples and field blanks. Precampaign blanks (13 samples) had values of total carbon (TC = OC + EC a ) within the minimum detection limit of the TOT analyzer (0.3 mg C per cm 2 of filter). Field blanks had almost 8 times more TC than the precampaign blanks (for which TC averaged 0.09 ± 0.05 mg per cm 2 of filter), and about 3 times more TC than the unexposed postcampaign blanks (average TC = 0.37 ± 0.19 mg per cm 2 of filter). The ''front'' and ''back'' field blank filters were equivalent. In the actual samples, EC a was almost always close to the detection limits. Further, the ''back''-to-''front'' ratio for OC was of the order of 80%. For practical purposes, we can conclude that no measurable OC and EC a were detected during SHADE, at typical detection limits of $3 and 0.03 mg m
À3
, respectively. This is consistent with the fact that the particle absorption coefficient, also measured on board, was generally found to be near the detection limit.
Ancillary Data
[22] Three-dimensional back trajectories were calculated with the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT). The model uses the 1°Â 1°latitude-longitude grid, FNL (acronym for ''final'') meteorological database [Draxler and Hess, 1997] . The 6-hourly FNL archive data is generated by the NCEP's GDAS (NCEP = National Centers for Environmental Prediction; GDAS, Global Data Assimilation System) wind field reanalysis. GDAS uses the spectral medium-range forecast model (MRF) for the forecast. The FNL database contains basic meteorological parameters such as the horizontal wind components, temperature, and humidity at 13 vertical levels, from surface level to 20 hPa. Further information on the FNL meteorological database can be found at http://www.arl.noaa.gov/ss/transport/archives.html.
[23] To locate aerosol plumes, we used the online aerosol spaceborne images of TOMS (http://toms.gsfc.nasa.gov/ aerosols/aerosols.html) and of the Sea-Viewing Wide Field-of-View Sensor (SEAWIFS) (see http://seawifs.gsfc. nasa.gov/cgi/level3.pl). In particular, the aerosol optical depth (AOD, 550 nm) in the C-130 operating region was mapped by the Moderate Resolution Imaging Spectrometer (MODIS) [Léon et al., 2003 ].
Results

General Conditions and Flight Description
[24] Between 21 and 28 September 2000, the Met Office C-130 performed four research flights from Sal Island, in the Cape Verde archipelago (16.8°N, 22.8°W). The flight tracks, superimposed to the MODIS AOD images, are shown in Figure 1 . In this figure we also show the positions of filter sampling, and the locations of vertical profiling. Supplementary information is given in Table 1 .
[25] A first dust outbreak started and peaked on 19 September [Myhre et al., 2003] . By the time the C-130 performed its first flight (A795, 21 September), dust had been transported westward toward the Atlantic Ocean. The maximum in the AOD MODIS map (AOD $ 0.8-1) is found around 10-15°N, 30-35°W, southwest of Sal, while flight A795 was conducted toward the Mauritanian coast, in the area comprised between 18 -25°N and 15-25°W Sal, where the AOD was significantly lower (<0.3).
[26] Flight A796 (24 September) was flown between Sal and Dakar (14.2°N, 17.3°W), the capital city of Senegal. MODIS data are not available in this corridor, but Myhre et al. [2003] show that AOD remained low ($0.25), except that in the proximity of Dakar, where it increased significantly to about 0.8 with the onset of the next dust event.
[27] An identical flight path was followed for flight A797 on 25 September, during a major dust outbreak [Myhre et al., 2003] . The MODIS AOD was above 2 just offshore Dakar, and decreased gradually down to 0.5 around Sal (see Figure 1 and Myhre et al. [2003] ).
[28] Finally, flight A798 was conducted on 28 September, on the trailing edge of the dust outbreak sampled during flight A795. The MODIS data for this day are sparse, but show AOD of the order of 0.5-0.7 close to Sal, and a strong northward gradient. The C-130 was flown to the northwest of Sal, in order to follow the plume sampled during flight A797.
[29] The main source regions contributing to the dust haze were located by calculating back trajectories from various points along the flight tracks, and by inspecting the TOMS satellite images over land. The two tools are in good correspondence. ''Hot spots'' of absorbing aerosols are identified in the Algerian and Mauritanian deserts and the Lake Chad basin, as expected for late summer [Prospero et al., 2002] .
[30] The TOMS images were also inspected to look for possible contamination from biomass burning. September is at the end of the rainy season. No major ''fire spots'' were found in the Sahel, although we cannot exclude the possibility of minor fires. TOMS might not detect aerosol plumes when these form a boundary layer plume below about 2 km above ground level, or when the dimension of the plume is small, at least in one direction, so that it does not fill most of the TOMS pixel ($50 Â 50 to 100 Â 100 km 2 in size) (J. Herman, personal communication, 2001 ). The monthly averaged image of burnt areas produced by the Global Burnt Area 2000 (GBA2000) project indicates that during September 2000 fires where mainly confined south of the equator, although some fire spots were also present in Morocco and along the Algerian coast (see http://www.grid. unep.ch/activities/earlywarning/preview/ims/gba/).
Vertical Structure and Spatial Variability of the Dust Plumes
[31] Besides providing the geographical information on flight tracks, filter sampling, and vertical profiling, Figure 1 also illustrates the spatial variability (horizontal and vertical) of the dust plumes in the study area. To do so, the sample concentrations of Ca and Al in the coarse fraction (particles larger than $1 mm diameter), the particle scattering coefficient s s (at 550 nm), and the accumulation mode particle number N Acc are shown as a function of longitude and altitude. The atmospheric thermodynamic structure encountered sampled during the four flights is illustrated in Figure 2 by the vertical profiles of dry temperature and dew point.
[32] The ensemble of the observations shows that four main layers can be distinguished: (1) the marine boundary layer (MBL), up to 0.5 km; (2) the inversion layer, of variable depth (from few hundreds of meters to 1 -1.5 km); (3) the dust layer up to 4 -4.5 km; and (4) the free troposphere, above. Variable amounts of cumulus and/or cirrus clouds were evident just below or above the dust layer throughout the experiment.
[33] The MBL showed neutral stability (dry adiabatic lapse rate) up to its top at about 0.5-1 km. Pollution seemed moderate (CO $ 60-90 ppb, O 3 $ 20 -40 ppb). Air masses ending in the MBL along the C-130 flight tracks passed along the Mauritanian coast, almost without coming in contact with land, coming from the Iberian Figure 1 . Flight track of each of the four SHADE flights (A795 -A798) superimposed on the corresponding MODIS aerosol optical depth (AOD) image at 550 nm. The position at which filter samples were collected is indicated by a white star marker. Squares indicate the location of vertical profiles. The color coding of the squares in the MODIS map is maintained in the two lower subpanels showing 30 s running averages for the in situ particle scattering coefficient at 550 nm and the total number N Acc for particles between 0.1 and 1 mm diameter. N Acc is not available for flight A798 due to electronic malfunctioning of the PCASP probe. On the right side of each panel, the latitude-longitude and vertical span of the flight tracks and aerosol filter samples are shown, followed by the longitudinal variations of the coarse Ca and Al concentrations, and particle scattering coefficient. See color version of this figure at back of this issue.
Peninsula (not shown). The SEAWIFS images (also not shown) suggest that they could have been contaminated by an anthropogenic pollution plume transiting from North America toward Europe. This eventuality is not explored further because it is beyond the focus of this work. The mean MBL number size distribution will be shown in the following as a term of comparison for the dust size distributions in the elevated layer. The particle population in the MBL was dominated by the Aitken (N Aitken in the range 500 -750 cm À3 STP) over the N Acc mode (N Acc between 200-500 cm À3 STP), in a ratio N Aitken /N Acc $ 1.5-3. This suggests moderately aged aerosols, as confirmed by the fact that the most numerous size class of the PCASP number size distribution was that at 0.15 mm diameter. Only two exceptions were found during a vertical profile on flight A796 over an area with numerous fishing boats (N Aitken $ 3000 -11,000 cm À3 STP), and during a vertical profile on flight A797, the day after the onset of a major dust layer, when, conversely, particles at 0.11 mm diameter were most abundant.
[34] The analysis of the data collected during flights A797 and A798 provides information on the structure of the dust layer for the outbreak that began on 24 September. Accumulation mode number counts for particles smaller than 0.22 mm diameter are available only for flight A797, because of electronic problems in the PCASP probe during flight A798 (section 2.1.2). The AOD maps modeled by Myhre et al. [2003] and those retrieved by MODIS [Léon et al., 2003; Myhre et al., 2003] show that flights A797 and A798 did not sample the same air parcel, so that we do not have a Lagrangian picture of the evolution of the dust layer, but rather two point measurements in the same dust event. The MBL was capped by a sharp inversion ($5 K within 100 -200 m), on top of which lay the dust layer. The bottom of the dust layer was elevated from 500 m on 25 September to 1 km on 28 September 2000 (Figure 2 ). In both cases, the main dust layer had a temperature lapse rate of about 0.7°C per 100 m, indicating stability and subsidence. On 25 September, the top of the dust layer was at 4 km. On 28 September, there is no indication of a top inversion in the temperature and dew point profiles. From the aerosol point of view, the layer top seems to be around 4 km, above which, however, no data are available.
[35] Figure 3 shows the total particle numbers N Acc and N Aitken (left panel), the number of particles for selected aerosol size bins (middle panel), and CO and O 3 (right panel) for a profile during flight A797. The number of particles at the selected size bins illustrates the behavior of the number size distributions, using N 0.11 (particles of 0.11 mm diameter), N 0.15 (particles of 0.15 mm diameter), and N 0.45 (particles of 0.45 mm diameter). In the SAL, N Acc particles were more numerous than N Aitken , but the accumulation mode size distribution changed with altitude. N 0.11 was highest in the lower portion of the layer ($0.5-2 km), while it was equal to N 0.15 between 2 and 4 km. Trajectories indicate that the layering corresponds to different air masses, from Mauritania below 2 km, and from southern Algeria between 2 and 4 km. N 0.45 particles were highest in a narrow layer around 3 km, displaying the same vertical structure as the scattering coefficient (Figure 1) . During flight A798, conversely, the maximum of N 0.45 had shifted downward between 1 and 2.5 km (not shown), again in coincidence with an enhancement of the scattering coefficient (Figure 1 ). The lowering of this layer cannot be explained by sedimentation, as the settling velocity of submicron particles is too low ($0.01 cm s À1 ) [Seinfeld and Pandis, 1998 ] to be effective within three days. As for flight Geographical coordinates (latitude, longitude, and altitude above sea level (asl)) are mean values calculated over the entire sample exposure duration. As a reference, the concentrations of Al in the fine and coarse mass size fractions are also given. A797, the lowest layer, containing the most of N 0.45 particles, appears to originate from Algeria, while the upper layer (between 2 and 4 km) could come from the Lake Chad region. The existence of distinct source areas is evident in the TOMS images, particularly on 25 September. In contrast, the elemental ratios of various dust elements to Al did not differ significantly. The chemical composition of dust is detailed in section 3.4. The mean submicron size distributions of flight A797 as a function of altitude and estimated source area are shown in Figure 4 .
[36] In the profiles of both flight A797 and A798, CO was of the order of 60-80 ppb. In particular, CO increased in the elevated dust layer during flight A797, which suggests that dust-laden air masses might have mixed with pollution. O 3 was below 40 ppb in the elevated layer, and always anticorrelated to accumulation mode particles, possibly as a result of removal by heterogeneous chemistry on dust particles [Dentener et al., 1996] .
[37] Finally, Figure 1 also illustrates the longitudinal variability of the dust plumes as they travel westward from the African coast. This is particularly straightforward for flight A796, as samples were collected at the same altitude ($3 km). Note that MODIS data are practically not available along the flight track; however, there is a very good correspondence between in situ data (elemental concentration of coarse Ca and Al and the particle scattering coefficient) and the AOD field modeled by Myhre et al. [2003] in reproducing the sharp gradient just offshore Dakar. Also, during flight A797, there is a fair correspondence between the gradient shown by the in situ data offshore Dakar ($15°N, 18°W, sample S1) and over Sal ($16°N, 21°W, sample S3) and the longitudinal variability in the MODIS AOD maps (AOD between 1 and 2 offshore Dakar and AOD around 0.8 over Sal). This correspondence is displayed in Figure 5 by the linear correlation of coarse Ca and the particle scattering coefficient to the MODIS AOD. All values are averages over the filter samples temporal/spatial span. The correlations are qualitatively satisfactory, but they do not carry really quantitative information because of the limited efficiencies of the sampling devices. Note that the slope of the correlation line between the in situ particle scattering and the AOD should roughly correspond to the aerosol-scale height assuming that aerosols are distributed homogeneously in the vertical. In this case, the slope yields an aerosol-scale height value of 12 km, which is unrealistically high when looking at the observed vertical profile. This discrepancy is attributed largely to the cutoff of the Rosemount inlet, causing an underestimate of the actual scattering by the dust plume. The slope of the regression line is also partly overestimated because of the MODIS AOD retrieval on flight A797, which seems excessive when compared to the values obtained by the ground-based Sun photometers and airborne sensors (MODIS AOD $2.3 against $1.5) .
Evidence of Anthropogenic Aerosols
[38] The previous discussion can be contrasted with the observations made along the Mauritanian coast during flight A795, during the first dust outbreak. In analogy to Figure 3 , the aerosol numbers (total and differential) for two specific vertical profiles are shown in Figure 6 .
[39] The first interesting feature is the 1-km thick clean layer, separated from the MBL by a much deeper inversion ($5 K within 500 m) than observed during the other flights. The clean layer, particularly evident on profile P1, was characterized by enhanced O 3 (50 ppb against 30 in the MBL), but low CO (50 ppb) and particle concentrations (N Acc $ 90 cm À3 STP; N Aitken $ 450 cm À3 STP), and prevalently N 0.11 particles. Trajectories indicated that air masses came from the North Atlantic ocean without coming in contact with land for at least 5 days. Because subsidence is also evident, the layer is attributed to an air mass having subsided from the upper troposphere.
[40] Above 2 km, profiles P1 and P2 showed contrasting situations (Figure 1 ). On P1, the elevated layer displayed analogous features to those observed during flight A797 and A798 (prevalence of accumulation mode particles and equal N 0.11 and N 0.15 ). The simultaneous increase of CO suggests mixing with pollution, although the limited vertical extension of the profile prevents from drawing definitive conclusions. Conversely, profile P2 extended up to 6 km. In this case data are clearly suggestive of burning emissions, biomass or fossil fuel. N Aitken dominated over the whole profile, and N 0.11 were most abundant above 1 km. CO and O 3 were very well correlated, particularly between 4 and 5 km, where CO up to 100 ppb and O 3 up to 90 ppb were measured. During this flight, NO x was also well above the detection limit, around 0.5 -0.9 ppb. The enhancement ratios (i.e., the ratio of values inside the plumes minus their background values outside the plumes) for O 3 , NO x , and N, with N equal either to N Aitken or N acc , are ÁO 3 /ÁCO $ 0.7, 
and 5 cm
À3 (STP) ppb À1 [Helas et al., 1995; Mauzerall et al., 1998; Andreae et al., 2001] .
[41] However, complementary data point to fossil-fuel emissions. Back trajectories for the elevated layer (2 -4 km) were northeasterly from over the Atlantic Ocean, and in the last five-six days before their ending point, intercepted an area between 40 and 45°N where SEAWIFS locates a ''belt'' consisting of fine particles and extending between the United States and Europe (not shown). As there was no indication of fires over North America in the TOMS images, we conclude that we sampled fossil fuel emissions from the United States. This conclusion is supported by the ratio fine NO 3 À /ns-SO 4 2À (ns-SO 4 2À = sulfate concentrations corrected for salt, see section 3.4.1) in the filter samples (section 3.4.3). Last, biomass fires in Africa were almost absent north of 15°N at the time of sampling (section 3.1), and trajectories do not point to those visible along the northern Africa coast.
[42] The substantial difference in the particle population and relative abundance of the size bins in the elevated layer of the two profiles (Figures 1 and 6 ) can be explained by looking at the AOD model results of Myhre et al. [2003] . MODIS data are not available in the study area. While the AOD was always below 0.5 (at 550 nm), the dust plume had a south-north gradient. Hence it is likely that the southernmost profile (P1, $20°N) was flown in a mixing region between dust and pollution, while the northernmost one (P2, $22.5°N) was outside the dust plume, and influenced only by anthropogenic emissions. This is confirmed by the aerosol composition (see section 3.4 for more details). Concentrations of dust elements (e.g., Al, Ca, and Si) were low (coarse Al < 1 mg m À3 ), with the exception of the one aerosol sample (S5 in Figure 1 ) collected in the proximity of profile P1. In this one sample, dust was significant (coarse Al $ 14 mg m À3 ), but concentrations in the fine fraction, where most of the pollution related components should be found, were mostly close to the detection limit.
Aerosol Chemical Composition in the Elevated Dust Layer
[43] Eighteen samples were analyzed using a combination of TOT, IC, PIXE, and INAA (Table 1) , Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Fe, Mn, Ni, Cu, Zn, Sr, I, and Pb were detected. These samples were collected between 2.5 and 6 km, within or above the elevated aerosol layer. The 25 and 75% percentiles of the ionic and elemental concentrations of the fine and coarse fractions are shown in Table 2 . The overwhelming fraction of the aerosol mass was detected in the coarse fraction. This indication, although consistent with the dominance of mineral dust in the aerosol population, is not fully quantitative. First, PIXE analysis was not possible on the Teflon filters, limiting the number of the elements that could be determined in the fine fraction. Second, supermicron particles are under-sampled due to inlet losses. The absolute concentrations in the coarse fraction are regarded as a lower limit of the actual concentrations in the atmosphere. However, because losses depend on particle size, but not on the chemical composition, bulk ratios for elements having the same mass size distribution, that is, for elements present in an individual aerosol type should be correct. It should be added that for mineral dust this statement holds only as a first approximation. Mineral dust is not a homogeneous particle population, but consists of particles that originate from different minerals, and the mass size distributions of the particles that become airborne from the various minerals are not truly identical.
[44] The availability of both the PIXE/INAA and the IC measurements for Cl, S/SO 4 2À , K, Mg, and Ca in the coarse fraction, allows cross-checking of the measurements and determining the water-soluble fraction of these elements. The square of the regression coefficient r 2 of the linear correlation between water-soluble and total components was always better than 0.8 in the fine fraction and 0.9 in the coarse fraction. The water soluble-to-total ratios for Cl (fine and coarse) were equal to one within 10%, indicating that this element was predominantly water-soluble. Cl is a major sea salt component [Seinfeld and Pandis, 1998 ]. The watersoluble fraction for K and Mg was 10-14%. K and Mg are present both in mineral dust, mostly insoluble, and in sea salt, soluble. Analytical problems that could have caused a disagreement between the IC and PIXE/INAA measurements can be eliminated based on the favorable comparison Data refer to samples measured mainly within the elevated aerosol layers, at altitudes between 2.5 and 6 km. Concentrations are expressed in ng m À3 (STP). Dashes are for many elements in the fine fraction indicates that the element could not be determined because of inapplicability of PIXE to the analysis of the Teflon filters. For OC and EC a , minimum detection limit are reported in the fine fraction. In the coarse fraction, these elements were not determined.
b Estimated minimum detection limit.
found in the results of SAFARI 2000 obtained using the same sampling and analytical arrangements, immediately before SHADE. For SAFARI 2000, when the aerosol was prevalently from biomass burning, the ratios of IC to PIXE and/or INAA for K and Mg were around one [Formenti et al., 2003] .
[45] The coarse SO 4 2À /S ratio was 2.6, consistent with the value of 3 that would be obtained if the entire measured sulfur was oxidized to water-soluble sulfate. Incidentally, the same coarse SO 4 2À /S ratio was observed also above the Israeli desert [Formenti et al., 2001a] . The 15% reduction is of a magnitude comparable to the analytical uncertainties; hence it is not considered significant.
[46] The water-soluble fraction of Ca was of the order of 80% both in the fine and coarse fractions. Like K and Mg, Ca is found in sea salt but also in mineral dust, either as calcite (CaCO 3 ) or in gypsum (CaSO 4 ) [Claquin et al., 1999] . This last mineral is water-soluble, due to the association with sulfate, but it is not very abundant in the Sahara [Loÿe-Pilot et al., 1986; Claquin et al., 1999] . CaSO 4 is also formed in the atmosphere in the heterogeneous reaction of gases (mainly SO 2 and O 3 ) on CaCO 3 particles [Dentener et al., 1996; Li-Jones and Prospero, 1998 ].
Salt Aerosols
[47] Many of the source regions that contributed to the haze dust during SHADE are saline, dry lakes [Prospero et al., 2002] , so it is very likely that minerals mixed with salts from these deposits. Conversely, the sharp temperature inversion between the MBL and the elevated layer prevented mixing with marine aerosols. As a matter of fact, back trajectories did not show advection over the sea surface.
[48] The presence of salt aerosols in the main dust layer is evident by looking, particularly in the coarse fraction, at the linear regressions (for r 2 > 0.88) and the resulting elemental/ ionic ratios (by mass) of various elements/ions to Na, shown in Table 3 . Na is the second major inorganic component in salt and evaporitic lake deposits, where it is found as mineral halite (NaCl) [Riley and Chester, 1971] and it is also present in various minerals such as feldspar and smectite [Claquin et al., 1999] .
[49] Na and Cl were strongly correlated (r 2 $ 0.99), with a mass ratio Cl/Na of 0.50 in the fine and 0.68 in the coarse fraction. Cl, which was detected in significant concentrations (up to 2.8 mg m À3 in the coarse fraction), is the major inorganic component of sea salt and is abundant in saline lakes and evaporites [Seinfeld and Pandis, 1998 ]. The Cl/ Na mass ratios are up to 70% lower than those in seawater and in halite. Reduction is commonly observed in anthropogenically disturbed marine environments, with enhanced acidity, because of the volatilization of HCl from NaCl crystals that had reacted with nitric and sulfuric acid (HNO 3 and H 2 SO 4 ) to form NaNO 3 or (Na) 2 SO 4 [Seinfeld and Pandis, 1998 ]. Despite the excellent correlation (r 2 = 0.94) between Na, NO 3 À , and SO 4 2À for coarse Na < 3 mg m
À3
, this explanation is unlikely for SHADE, because the ionic balance is characterized by an excess of cations (mainly Ca 2+ ). In the same way, deposition of gaseous HCl on dust particles [Zhang and Iwasaka, 2001 ] is discarded.
[50] The lowered Cl/Na ratio is likely due to an additional nonevaporite dust source for Na. The mixing between salts and dust is demonstrated by the correlations of Na and Cl with Al and/or Si. Al and Si are major tracers of various minerals (illite, kaolinite, chlorite, feldspar, quartz) found in the Sahara [Claquin et al., 1999] . The correlation of Cl to Al (r 2 = 0.96) yields a mass ratio of 0.056. The mass ratios Na/ Al and Na/Si (0.08 and 0.04, respectively) are in excellent agreement with those obtained during dust storms for nonsea-salt Na (Na/Al = 0.10 and Na/Si = 0.046) by Chiapello [1996] . The coincidence of airborne and ground-based values, however, is not a strong constraining argument, owing to the fundamental differences in sampling techniques, and in the temporal and spatial resolution. As an example, Andreae et al. [2000] obtained ambiguous results, depending on the aerosol size fraction, when comparing simultaneous airborne and ground-based samplings during the second Aerosol Characterization Experiment (ACE-2). The ambiguity amplifies when comparing measurements taken in different periods. The ground-based chemical sampling by Chiapello [1996] was possible only during wintertime, when dust is transported in the MBL. Data are compared to the respective ratios in bulk seawater [Seinfeld and Pandis, 1998 ] and in average crustal rock [Mason, 1966] . Mass ratio in mineral dust according to Chiapello [1996] .
[51] Both Na and Cl correlated extremely well (r 2 > 0.90) with other species common to sea salt, evaporitic salts, and mineral dust (Mg, S, SO 4 2À , Ca, and I in the coarse fraction, and Mg, SO 4 2À , and Ca in the fine fraction). The mass ratios of these species to Na (and to Cl) are up to two orders of magnitude higher than in sea salt. In conclusion, the salt component of the resuspended dust appears to have different ion ratios from those in sea salt, presumably because of the difference in composition between evaporitic deposits and the salt mixture in seawater. Gypsum (CaSO 4 ) deserves particular attention. As a mineral, gypsum associates to halite. It is not very abundant in the Sahara, and it is found mainly in the silt fraction (particles larger than 2 mm) [Claquin et al., 1999] , which is unlikely to enter the C-130 aerosol sampling system. Coarse SO 4 2À also forms in the atmosphere by heterogeneous chemistry [Dentener et al., 1996; Li-Jones and Prospero, 1998 ]. We observed strong correlation between Ca and SO 4 2À in the fine (r 2 = 0.86) and in the coarse fraction (r 2 = 0.95). The molar ratios SO 4 2À /Ca were below one (0.62 and 0.26, fine and coarse, respectively) indicating that there could be enough calcium to neutralize particulate sulfate. On a mass basis, the fine and coarse molar ratios wee 1.48 and 0.62. Putaud et al. [2000] and references therein report that the mass ratio in pure Saharan dust should be in the range 0.4-0.6. Our fine fraction ratio is considerably higher, which was the case also of the measurements of Putaud et al. [2000] for dust outbreaks in the free troposphere over the Canary Islands. The coarse mass ratio is on the higher side of the indicated range.
Mineral Dust
[52] In the fine and coarse fractions, mineral dust was traced using Al and Ca as reference elements. The dust signature was clearly more evident in the coarse fraction, where Al and Ca were up to 54 and 18 mg m À3 , respectively. In the fine fraction the maximum Al and Ca concentrations were 6.3 and 2.4 mg m À3 .
[53] The mass ratios resulting from the linear regressions of various species (r 2 > 0.88) to Al and Ca are shown in Table 4 . Elements such as Na, Si, K, Ca, and Fe have ratios close to the values of Chiapello [1996] . Ratios for Mg, Ti, Sr, and V (elements that were not measured by Chiapello [1996] ) are however similar to the mass proportions in average crustal rock [Mason, 1966] . Others, such as S/SO 4 2À , are clearly enriched.
[54] Fe, in the form of Fe 2 O 3 (hematite) is an important element, as it is the most efficient light absorber at ultraviolet (UV) and visible wavelengths amongst the common minerals encountered in the Sahara [Sokolik and Toon, 1999] . Assuming that the total dust mass is due to aluminum silicates (with Al accounting for 8.13% of their mass [Mason, 1966] ) and calcite (CaCO 3 , 40% of which is Ca), Fe represents 2 -5% of the dust mass in the fraction $1-3 mm (Fe was not measured in the fine fraction).
[55] Another issue is the transport of organic matter within the dust layers. Lepple and Brine [1976] estimated that the organic content in mineral dust is of the order of 3%. Our measurements showed no measurable organic carbon. Coarse phosphorus, an element emitted during plant guttation and transpiration [Artaxo and Hansson, 1995] , accounted for less than 1% of the dust mass (coarse P/Al = 0.007 (Table 4) ; dust mass = Al/0.0813 [Mason, 1966] ). The SHADE P/Al ratio is consistent with the value of 0.0086 measured by Losno et al. [1992] . These facts suggest that organic material is minimal in Saharan dust.
Anthropogenic Pollution
[56] Indications that anthropogenic pollution might have mixed with mineral dust (section 3.2) are found in the mutual correlations between fine SO 4 2À , NH 4 + , and NO 3 À , all with r 2 = 0.99. Concentrations of these ions are shown in Table 2 . In the coarse fraction, we estimated the ''evaporitesalt-derived sulfate'' fraction based on the linear regression of sulfate on total Na. The nonsalt SO 4 2À (ns-SO 4 2À ) obtained in this way accounted for 11 -65% of the measured SO 4 2À . Because Na is not available in the fine fraction, no corrections were tempted. This is supported by the lack of correlation between Cl and SO 4 2À . These ratios are consistent with that found in summertime by Savoie et al. [1989] in the trade wind aerosols transported from Africa to Barbados, and indicates that air masses had been influenced by European pollution before transiting over the Sahara and entraining mineral dust. Wintertime values, during the main biomass burning season in southern west Africa, have a much larger nitrate to non-sea-salt sulfate mass ratio, typically around 1.4 [Savoie et al., 1989] .
[58] Additional evidence for the absence of biomass burning pollution comes from the lack of excess fine potassium, that is, fine potassium from vegetation burning in excess with respect to sea salt or mineral dust [Andreae, 1983] . The fine K/Ca mass ratio (as fine K was not measured, the ratio is estimated from the ratio K/Ca in the coarse mode, and the substantial identity of the coarse and fine K + /Ca 2+ ratios, $0.1, and water-soluble fractions) is $0.58, as in Saharan dust (see Table 4 ).
Discussion and Conclusions
[59] Measurements of the aerosol submicron and supermicron composition, particle numbers, and some trace gases was performed during four dedicated flights of the SHADE experiment in September 2000, within the trade wind dust layers in the Atlantic region between Sal Island and Dakar. September is at the end of the African rainy season, when biomass burning is practically absent in the Sahel and West Africa. At this time of the year the ITCZ is located at $20°N.
[60] Two different situations occurred during SHADE. The first was observed during flight A795, on 21 September 2000, toward the end of a dust outbreak, when dust was mixed with aged anthropogenic pollution, likely from North America. At times pollution was actually dominant. This was evident in the excellent correlation between CO and O 3 , and in the dominance of Aitken particles over accumulation mode particles.
[61] Two successive flights were then conducted during a second dust outbreak, which began on 24 September (flights A797 and A798, 25 and 28 September, respectively). Here dust was clearly dominant. Still, indications remain of some mixing with anthropogenic pollution, in this case most probably from Europe. Pollution indicators are CO, which shows higher or equal mixing ratios in the dust layer than in the MBL, and the fine aerosol chemical composition, particularly the NO 3 À /ns-SO 4 2À ratio. The results of flights A797 and A798 support the description of dust transport within the Saharan air layer (SAL) given by Prospero and Carlson [1981] and Karyampudi et al. [1999] . Overall, our observations are also in good agreement with those of Schmid et al. [2000] and Welton et al. [2000] from the second Aerosol Characterization Experiment (ACE-2) around the Canary Islands. In particular, we observed that
[62] 1. The MBL is rich in aerosols, likely as a mixture of sea salt and pollution. The chemical characterization cannot be done with precision because no filter samples were collected in this layer. However, the sharpness of the temperature inversion (Figure 2 ) and the pattern of the back trajectories never originating from land (section 3.2), suggest that dust should not be found in the MBL.
[63] 2. The SAL base was between 0.5 and 1 km. Especially toward the north, there is no clear indication of a sharp inversion at the top of SAL. On the basis of the aerosol profiles (particle number and scattering coefficient), we located the dust layer top at 4 -4.5 km. The geographical invariance of the top height implies that the thickness of the dust layer diminishes northward. The temperature lapse rate within the dust layer (Figure 2 ) is subadiabatic, favoring subsidence. This recalls a previous observation: a dust outbreak detected above 3.5 km close to the African coast, but then, after transport across the Atlantic Ocean, found below 3 km offshore Suriname, in South America [Formenti et al., 2001b] . Reid et al. [2002] encountered both low-level and midtropospheric dust layers over Puerto Rico, in Central America.
[64] 3. On the northern boundary of the observation area (offshore the Mauritania coast, flight A795), a clean, particle-poor layer developed in between the MBL and the elevated layer (that is, in between 1 -2 km). This observation is in common with Karyampudi et al. [1999] , albeit that they observed air masses coming from Africa and not from the open ocean. An analogous clean layer was observed by Schmid et al. [2000] over the Canary Islands.
[65] 4. The particle number size distribution within the dust layer was not uniform with height. This observation agrees with Karyampudi et al. [1999] , and also with the vertical profiles of the particle effective radii obtained for flight A797 by Léon et al. [2003] , combining passive and active remote sensing. Sublayering within the main plume is a common observation in Saharan dust, at various distances from the source [Hamonou et al., 1999; Dulac et al., 2001; Formenti et al., 2001b; Reid et al., 2002] . The relative abundance of the different size classes changed with altitude, and above 3 km, particles of 0.15 mm diameter were clearly more abundant than those of 0.11 mm. It is, however, not possible to conclude generally, that larger particles are found at higher altitudes. This becomes clear by looking at the maximum in the vertical distribution of the 0.44 mm particles on flights A797 and A798 (section 3.2).
[66] There seems to be some relationship between source region, and particle size. Source regions were identified by calculating back trajectories from each vertical layer within the main dust plume. They are found to be in the Algerian and Mauritanian deserts, in agreement with climatological studies for this time of the year [Prospero et al., 2002] . Convergence of plumes from different sources has been observed also by Karyampudi et al. [1999] . The corresponding mean number particle size distributions were calculated (Figure 4 ). Our data set is too limited to identify systematic patterns; still, indications are that the sublayer of 0.44-mm diameter particles (Figure 3b ) is associated with air masses from Algeria. Dust from Mauritania showed the lowest number of particles above 0.3-mm diameter, and highest number at 0.11 mm. This might be due to the mechanism of dust generation itself, as explained by Prospero et al. [2002] . Source regions in Mauritania (and in the adjacent western Sahara) are mainly dry lakes on the edges of huge sand dunes. Because of its large size (tens of microns), mobilized sand settles very rapidly and it is not transported by the winds. However, during a dust storm, the sand grains can effectively disrupt the dry lake surfaces and grind particles into smaller and smaller sizes, which are readily carried away by the winds.
[67] Aerosol samples were collected within the elevated (dust) layer, between 2 and 6 km. The dominant fraction of the mass was supermicron, where Al concentrations up to 54 mg m À3 were observed. Note that these absolute values represent only lower limits, since only a relatively small fraction (probably less than 30%) of the coarse mass is collected by the C-130 inlet sampling system. Considering only the samples collected within the most dense dust layer during flight A796 -A798, the mass dust concentration (estimated from the sum of the concentrations of Al in the submicron and supermicron fractions, and for the average Al concentration in dust of 8.13% [Mason, 1966] ) ranged between 116 and 489 mg m À3 (up to 709 mg m À3 on an individual sample, flight A797). Fe is estimated to represent between 2 and 5% of the dust mass in the fraction $1-3 mm. Light absorption by Fe is important in the UV part of the solar spectrum. Finally, the aerosol elemental ratios are consistent with previous extensive studies in the area [Chiapello, 1996] and indicate that aerosols are a mixture of aluminum-silicate based minerals and Na-Cl bearing salts. As a matter of fact, the source regions located using the satellite images and the back trajectories are arid areas with saline beds [Prospero et al., 2002] . The measured elemental ratios of Al and Si are consistent with those in various minerals found in North Africa (e.g., illite, kaolinite, montmorillonite [Claquin et al., 1999] ).
[68] Finally, indications are that O 3 is consumed in the dust layer due to heterogeneous chemistry reactions on particles (Figure 3) . Anticorrelation between accumulation mode particles and O 3 has been observed also by de Reus et al.
[2000] during ACE-2. Figure 1 . Flight track of each of the four SHADE flights (A795 -A798) superimposed on the corresponding MODIS aerosol optical depth (AOD) image at 550 nm. The position at which filter samples were collected is indicated by a white star marker. Squares indicate the location of vertical profiles. The color coding of the squares in the MODIS map is maintained in the two lower subpanels showing 30 s running averages for the in situ particle scattering coefficient at 550 nm and the total number N Acc for particles between 0.1 and 1 mm diameter. N Acc is not available for flight A798 due to electronic malfunctioning of the PCASP probe. On the right side of each panel, the latitude-longitude and vertical span of the flight tracks and aerosol filter samples are shown, followed by the longitudinal variations of the coarse Ca and Al concentrations, and particle scattering coefficient. 
